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ABSTRACT

Structural, magnetic, and computational data on two new Mn(III) complex cations in lattices with five different counterions and varying
levels of solvation are compared to investigate the influence of the position of the electron-withdrawing ligand nitro-substituent on the
thermal spin crossover profile. The [MnL,]" (a) and [MnL,]"* (b) complex cations were prepared by complexation of Mn(IIl) to the Schiff
base chelates formed from condensation of 3-nitrosalicylaldehyde or 5-nitrosalicylaldehyde, respectively, with 1,2-bis(3-aminopropylamino)
ethane and were crystallized with NO;, (la/b), ClO,, (2a/b), PF;, (3a/b), CF;SO; (4a/b), and BPh, (5a/b) counterions.
Magnetostructural analysis reveals a minor trend in the spin state preference depending on the position of the nitro substituent where the
orientation is dependent on crystal packing. Compounds using the 3-NO,-sal,-323 ligand, H,L,, where the nitro group is bent out-of-plane
to the benzene ring of the Schiff base, tend to stabilize the triplet state, S= 1, while those with the 5-NO,-sal,-323 Schiff base, H,L,, where
the nitro group is almost perfectly aligned in-plane with the benzene ring, mostly stabilize the spin-quintet form, §=2. Density functional
theory calculations correctly describe the energetics of intermediate spin/high spin transitions in the complexes. The intrinsic molecular
magnetic properties are only marginally dependent on the position of the nitro groups; the out-of-plane orientation for the 3-NO, is stabi-
lized by an intramolecular hydrogen bonding interaction between the nitro group and the equatorial sal ligand. This demonstrates that the
control of magnetic behavior in the solid state is mainly a cooperative effect from the size and distribution of counterions, crystal packing,
and intermolecular interactions. Three potential structural phase transitions were identified, in complexes 3a, 4a, and 5a - 2MeCN including
one which is not coupled to a spin state change. Finally, a break in the pattern of Jahn-Teller distortion typical for [Mn(R-Sal,-323)]* com-
plexes was observed in two of the complexes with the 5-NO, ligand, where elongation of the Mn-O bond lengths on warming replaced the
usual pattern of elongation of only Mn-N distances.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0050276

I. INTRODUCTION on a range of timescales.””'" The materials processing of SCO is the

subject of intense investigation with many reports of surface attach-
. . . 2,11-13

spin crossover (SCO) transition metal complexes constitutes one of ~ Ment and primitive device preparation. I?ouss.elfsou et al. have

the most dramatic and highly developed examples of molecular recently shown that the challenge of sample fatiguability can be over-

bistability.”” SCO complexes are prized because of the ease by ~ come by using high quality vacuum-deposition to prepare a thin

Facile access to more than one arrangement of d-electrons in

which they can be switched by many varied physical stimuli’™” and film of an Fe** SCO complex, which is stable for more than one
because the profound differences in spectral and magnetic signa- year and which can endure 107 switching cycles without loss of
tures between the two spin states make the switching easy to follow signal.'* This development has demonstrated that integration of
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spin switchable complexes into current technologies such as nano-
thermometry is an achievable goal and will encourage further work
toward this important outcome. However, despite the impressive
advances in moving toward device preparation and real-world
applications, less progress has been made in meeting the challenge
of predicting or controlling SCO behavior. This is particularly true
in the solid state where second coordination sphere effects and inter-
molecular interactions can facilitate or block access to more than one
spin state. This has been demonstrated comprehensively in solid
systems where crystal engineering studies on thermal
evolution SCO profiles abound.'”™"® More progress on control and
modulation has been achieved in soft media where Halcrow has
reported a linear correlation between T, and Hammett parameters
of the ligand substituents in [Fe(bpp)2]2+ complexes (bpp is the
N-heterocyclic ligand 2,6-di{pyrazol-1-yl}pyridine) in a range of sol-
vents.'””" A linear correlation between chain length and Ty, has
also been observed in amphiphilic Fe*" complexes in solution, with
Ty, either increasing’' or decreasing” with increasing alkyl chain
length on the amphiphilic ligand. Less work has been reported in
this area on Mn(III) where all studies to date have been in the solid
state.”” The primary ligand system that promotes thermal SCO
in Mn(II) is the hexadentate Schiff base resulting from condensa-
tion of 1,2-bis(3-aminopropylamino)ethane with a substituted
2-hydroxybenzaldehyde and the ligand type is often abbreviated as
R-Sal,323 to indicate the 323 alkyl connectivity in the starting tetra-
amine and the substitution (R) on the phenolate ring. Our work on
Mn(III) SCO with this ligand typez’l’35 includes a number of solid-
state magnetostructural studies, which have demonstrated the impor-
tance of second coordination sphere effects in shaping the thermal
evolution profile.”*™** However, a systematic analysis of the electronic
effects of peripheral ligand substituents on Mn(III) SCO has so far
been missing from our work and that with other ligand types.”*™"
We address this now with a comprehensive magnetostructural
comparative study of the effects of positioning strongly
electron-withdrawing nitro groups ortho or para to the phenolate
oxygen donor in the R-Sal,323 coordination sphere. This results in a
strong trend toward stabilization of the spin triplet form for the ortho
nitro position in contrast to a tendency for stabilization of the spin
quintet form when the nitro group is in the para position.

The prediction of the relative ordering of spin states in
transition-metal complexes is still a challenge to current theoretical

ARTICLE scitation.org/journalljap

methods. Computational approaches to calculate structural and
electronic effects upon switching the electronic state of molecules
are commonly performed using Density Functional Theory (DFT)
calculations,” "' whereas large energetic splittings between differ-
ent spin states can usually be well described with a number of DFT
functionals, in particular, weak-field complexes with small energy
differences between different spin multiplicities are a challenge."”
Recent benchmark calculations showed also that wavefunction
based multireference methods or coupled cluster theory are not
always superior to DFT calculations.””** Manganese(IIl) in the
weak octahedral ligand field of a Schiff base complex has not
received much attention from theoreticians. Rather, the quest for a
possible AS =2 transition in a pentagonal bipyramidal coordination
environment was investigated.”

Here, we extend our previous work on intermediate to high-
spin transitions in Mn(III) sal complexes” to include those with
aromatic nitro substituents on the ligand. Intra- vs intermolecular
interactions are mediated by small molecular distortions but largely
determined by crystal packing effects to which counterions also
contribute significantly.

Il. RESULTS AND DISCUSSION
A. Synthetic approach

Two Schiff base ligands with nitro groups appended ortho
(H,L1) or para (H,L2) to the phenolate oxygen donor were pre-
pared by addition of 3- or 5-nitrosalicylaldehyde, respectively, in a
2:1 ratio with 1,2-bis(3-aminopropylamino)ethane (Scheme 1). A
series of [MnL]™ complexes with five counterions (1)-(5) was pre-
pared with each ligand (3-nitro=“a” series; 5-nitro=“b” series),
with occasional co-crystallization of solvent as detailed in the dis-
cussion of the structural and magnetic properties. The addition of a
source of Mn(II) yielded dark red/black crystals of Mn(III) com-
plexes (la)-(5a) and (1b)-(5b) following aerial oxidation after
standing for a few days. While nitrate and perchlorate complexes
(1a/b) and (2a/b) were directly synthesized from the respective
manganese(II) salt, complexes (3a/b)-(5a/b) with hexafluorophos-
phate, triflate, and tetraphenylborate were formed by a salt metath-
esis procedure with the target counterions introduced as their
group 1 salts, for example, sodium as indicated in Scheme 1. This
led to the successful crystallization of [MnL;]*, and [MnL,]*

Y2
2 Y,=NO, Y,=H
Y,= Y,=NO,
E(OHMeCN LY /\°/\ 7 = X=
NH HN o I:NH N" Mncl, i NO; (1a) NOj; (1b)
CNH W :> NH N NaX /: “~N Clo, (2a) ClOo, (2b)
2 20 fN ‘/c'>\/\ PF; (3a) PF; (3b)
OTf™(4a) OTf™(ab)
Y1 Y1 BPhy (5a) BPhy (5b)
Y, Y,

SCHEME 1. Synthesis of [MnL4]X complexes (1a)—(5a) and [MnL,]X complexes (1b)-(5b).
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respectively, in all the preferred crystal lattices. The structures of all
compounds were established by single crystal x-ray diffraction, and
the bulk samples were then fully characterized using elemental
analysis, IR spectroscopy, and magnetic measurements. Due to the
electron-withdrawing effect of the nitro substituents on the Schiff
base ligand, it was also possible to stabilize the neutral Mn(II)
complex in the 3-NO,-sal,-323 case, (6a), in low yields as a side
product, the structure of which is reported here for completeness.
For full synthetic details, see Sec. I'V.

B. Magnetic characterization

The magnetic susceptibility of the bulk samples of compounds
(1)-(5) in both the (a) and (b) series was measured using a SQUID
magnetometer and the data were collected from 300.0 down to
5.0 K under an applied dc field of 5000 Oe, Fig. 1. No thermal hys-
teresis was detected on warming back to room temperature and
plots of yT vs T are shown in Figs. 1 and 2.

Magnetic data for nitrate complex (1a) are not available as
there was insufficient bulk sample, but variable temperature diffrac-
tion data (see Sec. II C) indicate that nitrate complex (1a) has an
S=1 spin state at 100 K and only a small increase in the fraction of
spin quintet form on warming to room temperature according to
the bond length changes, i.e., a stabilization of the S=1 state.

The magnetic data of Mn(III) complexes (2a)-(4a) with the
ortho-substituted 3-NO,-sal,-323 Schiff base show a preference for
the spin-triplet S=1 state at low temperatures, Fig. 1, while both
solvatomorphs with the tetraphenylborate counterion 5a-2MeCN
and 5a-3MeCN show incomplete thermal SCO over the measured
range. Compounds (2a)-(4a) are purely S=1 below 100K with a
T value of 1.0 cm®K/mol, which fits to S=1. Upon increasing

35

Mn(lll) complexes with 3-NO,-sal,-323
—a— (2a; CIO; I I I I
I ——(3a) PF;
—o— (4a) OTf

3.0

2T (cm®K/mol)

100 200 250 300

150

T (K)
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the temperature, there is an increase in the yT product for all
three although all are far from being fully high-spin by room tem-
perature: the ClO, (2a) and PF (3a) complexes reach a y»T value
of about 2.0 cm® K/mol at room temperature, which indicates a 1:1
ratio between quintet:triplet spin state. The triflate salt (4a) only
reaches a y,,T value of 1.3 cm® K/mol at room temperature, indicat-
ing a 15% transition toward the high-spin state, but showing an
upwards trend at 300 K. Both solvatomorphs of complex (5a) show
a stepped transition in )T at approximately 200 K (Fig. 1). Upon
further cooling, the y,T product stabilizes at values of about
2.0 cm® K/mol, which usually is indicative of a 1:1 ratio of S=1 and
S =2 states. The room temperature T value of both 5a - 2MeCN
and 5a-3MeCN does not reach the full high-spin value of
3.0 cm? K/mol. This shows that the magnetic behavior of complexes
la to 5a in the crystal is not only determined by the molecular
ligand field strength but also by the nature of the counterion
and/or solvate molecules.

In marked contrast, the Mn(III) complexes with the para-
substituted 5-NO,-sal,-323 Schiff base show a strong tendency to
stabilize the spin-quintet state, S=2, Fig. 2, with slightly different
thermal responses within the set. Both solvated isostructural nitrate
1b-MeCN-0.5H,0 and perchlorate 2b-MeCN-0.5H,0 com-
pounds show an incomplete transition between 150 and 293K,
with the low temperature y,,T value of 2.0 cm® K/mol suggesting a
1:1 ratio of S=1 and S=2 components. A second solvatomorph of
the perchlorate salt was isolated with half the amount of acetoni-
trile, 2b - 0.5MeCN - 0.5H,0, and this sample persists in the spin-
quintet state over the whole measured temperature range. While
the triflate and tetraphenylborate salts (4b) and (5b) also remain in
the HS state over the whole temperature regime, compound (3b),
[MnL,]PF, is the outlier of this family as it remains stubbornly

Mn(lll) complexes with 3-NO,-sal,-323
N T X T * T

35 ——7——+—
I —o— (5a) BPh; 2MeCN
30 £ ¢ (52) BPh;3MeCN ]
=
[9)
(S
=~
X
(3]
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o
SN
~
N
05 ]
F5000 Oe
00 L 1 Il L 1 L ]
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T (K)

FIG. 1. Plots of yyT vs T for the complexes with the 3-NO,-sal,-323 ligand in the temperature range 5-300 K in cooling mode using an applied dc field of 5000 Qe: left:
(2a) (purple), (3a) (green), (4a) (blue); right: data for the two different solvatomorphs of (5a) (orange, pink).
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FIG. 2. Plots of yyT vs T for the complexes with the 5-NO,-sal,-323 ligand in the temperature range between 5 and 300 K in cooling mode using an applied dc field of
5000 Oe: left: (1b) (turquoise) and the two different solvatomorphs of (2b) (purple, violet); right: (3b) (green), (4b) (blue), and (5b) (pink).

and firmly in the spin-triplet state up to room temperature. The
CFsSO; containing complex (4b) displays a gradual increase in
xumT at very low temperatures, Fig. 2, which is tentatively attributed
to onset of weak, long-range ferromagnetic ordering of the sample.

The apparent different magnetic properties of 3-NO, vs
5-NO,-substituted complexes prompted the investigation of the
difference in ligand field strengths of ortho- vs para-substitution
(see Sec. I1 D).

C. Structural characterization

1. Crystal structures with ortho-substituted ligand
3-NOs-sal»>-323: [MnL;]X, (1a)-(5a)

Compounds (la)-(4a) crystallize solvent free while BPh,
complex (5a) crystallizes as either of two solvates with either two
or three molecules of acetonitrile in the crystal lattice yielding
5a.2MeCN or 5a-3MeCN. Diffraction data on single crystals of all
six compounds (1a)-(5a) (both solavatomorphs) were collected at
100K and, in most cases, at a temperature higher than 100K
(Tables S1-S3). Due to a time lapse in data collections, a fresh
crystal was used for the higher temperature data collections. In
three cases of the PFg, (3a) CF5SO3 (4a), and BPh, 5a-2MeCN
complexes, different unit cells were observed at the two tempera-
tures (Tables S2 and S3 in the supplementary material). This may
be due to a phase transition as the bond length differences between
the two temperatures are in line with the observed magnetism and
each is discussed in turn. It should be noted that only two of the
three complexes in the 3-NO, series where there is a crystallo-
graphic difference between high and low temperature structures
also show thermal SCO, that is, (3a) and (5a). The remaining
complex, (4a), remains in a single spin state (S = 1) across the mea-
sured range, i.e., if the observed crystallographic change is due to a

phase transition, rather than the existence of polymorphs, then it is
not accompanied by spin state switching. This would constitute the
first such example of an uncoupled structural phase transition for
Mn complexes of this type. However, as the crystals of all three
complexes (3a), (4a), and (5a) were not cycled through a tempera-
ture gradient during the data collection, it cannot be stated defini-
tively that the changes constitute phase transitions. This is the
focus of current structural and spectroscopic investigations which
are not reported here.

In all structures, the hexadentate Schiff base ligand chelates
the Mn(III) ion with pseudo-octahedral geometry with two trans-
phenolate donors, two cis-amine and two cis-imine donor atoms,
in the same way as previously observed for manganese(IlI) com-
plexes with this type of ligand.”*~>> The structure of compound
(1a) is shown in Fig. 3 as a representative example of the coordina-
tion sphere in compounds (1a)-(5a).

Complex (1a) crystallizes in the monoclinic space group Cc
with Z=4, where the asymmetric unit contains a full [MnL,]"
cation and one full occupancy nitrate anion. The perchlorate
complex (2a) crystallizes with Z=8 in the monoclinic space group
P2,/c, with two full [MnL,]"* cations and two well-ordered perchlo-
rate anions as the asymmetric unit, and strong H-bonding between
individual cations mediated via the perchlorate counter anion. At
174K, the structure of complex (3a), [MnL;]PFs was solved in
monoclinic space group C2/c with Z=4. At 100K, the structure
was solved in related monoclinic space group P2/c with Z=8 and
cell doubling along a suggesting a thermally induced structural
phase transition. At both temperatures, the asymmetric unit com-
prises one octahedral Mn(III) complex cation and two half occu-
pancy counterions both with an internal C, axis. Structural
differences between the data collections of the triflate complex (4a)
at high and low temperatures are more pronounced than for (3a)
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with a change from space group Pbca at 293K to Pna2; at 100K
while Z = 8 remains the same. A full structural analysis of this com-
pound across the thermal gradient will be completed as a separate
study which is outside the scope of the current magnetostructural
report. At room temperature, the asymmetric unit comprises one
well-ordered full-occupancy [MnL;]" cation charge balanced by
one well-ordered full-occupancy triflate counterion in contrast to
two full-occupancy [MnL,]" cations and two full-occupancy triflate
anions at 100 K, one with some disorder in the oxygen positions.

In a first round of synthesis, the BPh, complex (5a) crystal-
lized with two molecules of MeCN, 5a-2MeCN, and at 200 K the
asymmetric unit comprises one well-ordered full-occupancy
[MnL,]" cation, one well-ordered full-occupancy tetraphenylborate
counterion and two solvate molecules in monoclinic space group
P2,/c with Z =8. The asymmetric unit of the structure collected at
100K on a new crystal indicates cell doubling along a with no
change in space group but a new asymmetric unit comprising two
well-ordered full-occupancy [MnL,]" cations and tetraphenylborate
counterions, Tables I and S3, along with the lattice solvent. A new
solvatomorph with more acetonitrile, 5a:3MeCN, was recovered in
an attempt to re-make the sample and data collections at 100 and
200 K with the new crystals did not show the cell-doubling of the
crystals of di-solvated complex 5a-2MeCN. Instead, the asymmetric
unit of 5a-3MeCN comprises one full occupancy [MnL,]* cation
and tetraphenylborate anion as well as three acetonitrile molecules
in both data collections and this solvatomorph crystallizes in the
monoclinic space group P2;/n with Z=4. Finally, crystals of the
Mn(II) complex with this ligand were also recovered, (6a), which
crystallizes in the triclinic space group P1 with Z =2 with two mol-
ecules of water per Mn(II) complex. The asymmetric unit consists
of one full occupancy Mn(II) complex and two full occupancy
water molecules. Selected crystallographic data and structure refine-
ments are summarized in Tables S1-S3 in the supplementary
material.

FIG. 3. Molecular structure of [MnL4]NO; (1a) (left) and [MnL,]CF3SO3 (4b)
(right) measured at 100 K shown as an example for each series of compounds
(hydrogen atoms omitted for clarity).

ARTICLE scitation.org/journalljap

2. Crystal structures with para-substituted ligand
5-NO,-sal»-323: [MnL;]X, (1b)-(5b)

In contrast to compounds (la)-(5a), where only the BPh,
complex crystallized with solvation, two of the five salts of the com-
plexes with para-substituted ligand 5-NO,-sal,-323, (1b)-(5b), crystal-
lized with acetonitrile and water solvates, present to differing degrees.
A single solvate of the nitrate complex, [MnL,]NO; - MeCN - 0.5H,0,
(Ib) was isolated and two solvates of the perchlorate
complex, [MnL,]ClO,-MeCN-0.5H,0O (2b-MeCN-0.5H,0) and
[MnL,]ClO, - 0.5MeCN - 0.5H,0 (2b - 0.5MeCN - 0.5H,0), with dif-
ferent percentages of acetonitrile were recovered during the synthetic
programme. The remaining compounds (3b)-(5b) crystallize solvent
free and the structure of the cation of (4b) is shown in Fig. 3 as a
representative example of the coordination sphere in compounds
(1b)—(5b).

Compounds (1b), [MnL,]NO;-MeCN-0.5H,0, and (2b),
[MnL,]ClO, - MeCN - 0.5H,0, crystallize isostructurally in the tri-
clinic space group P1 with Z =2 and data were collected at low and
high temperature for both. At both measured temperatures, the
asymmetric unit contains two unique cationic [MnL,]" species as
well as two respective anions. In addition, it was possible to crystal-
lize (2b), [MnL,]ClO,, with less solvent, leading to
2b-0.5MeCN - 0.5H,0, which crystallizes in the tetragonal space
group P4/n with Z=4. The asymmetric unit of complex
2b-0.5MeCN - 0.5H,0 at 110 K comprises one discrete cation and
one perchlorate counter anion which is modeled over three posi-
tions. It also contains one half of a highly distorted acetonitrile
molecule, which is modeled over two sites while the half molecule
of water is modeled over two locations, where one is overlapping
with the oxygen of one CIO, site.

The solvent-free complexes (3b)-(5b) all crystallize in differ-
ent space groups and data were collected only at 100 K as magnetic
data indicated that there was no spin state change for these three
compounds. Complex (3b), [MnL,]PF, crystallizes in the mono-
clinic space group P2,/n with Z = 8. There are two unique [MnL,]"
cations species as well as two anions within the asymmetric unit.
At 100K, one of the two hexafluorophosphate anions is well
ordered while the other one shows significant disorder around the
equatorial plane and the four equatorial fluorine atoms were
modeled over 12 positions. Triflate complex (4b) crystallizes in
monoclinic space group P2,/c with Z=4, where the asymmetric
unit contains one full [MnL,;]" cation and one triflate anion. The
tetraphenylborate complex (5b) crystallizes in orthorhombic space
group Pna2; with Z =4 with one full [MnL,]" cation and one full
anion as the asymmetric unit. Selected crystallographic data
and structure refinements of all compounds are summarized in
Tables S4-S5 in the supplementary material.

3. Thermal bond length changes in [MnL; ]X, (1a)-(5a)

The average bond lengths in Mn(III) SCO compounds of the
[Mn(R-sal,323)]" type usually show a significant increase upon
spin transition, but only significantly for the amine and imine
bonds in the equatorial positions.z‘g’35 The Mn-Njine bond
lengths are typically 1.95-2.00 A in the S=1 state, increasing to
2.05-2.18 A within the S=2 state, while the Mn-N, i, bond
lengths change from 2.03-2.10A to 2.18-2.30 A upon spin
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TABLE I. Mn-donor bond lengths in complexes (1a)—(5a).
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Mn-X NO; (1a) ClO; (2a) PF; (3a) OTf™ (4a) BPh, -2MeCN (5a) BPh, -3 MeCN (5a)
Temp (K) 293 >100" 174 293 200 200
Mn—OP}len 1.908 1.868 1.929 1.874 1.878
1911 1.873 1.932 1.875 1.888
Mn-Nimine 1.994 2.005 2.011 2.038 2.060
2.003 2.014 2.055 2.088 2.098
Mn-Namine 2.045 2.083 2.079 2.135 2.163
2.053 2.090 2.122 2.185 2.180
spin state S=1 S=av S=av S=av S=av
100 K Mnl Mn2 Mnl Mn2 Mnl Mn2
Mn-Ophen 1.895 1.872; 1.887 1.870 1.888; 1.883 1.880; 1.866 1.880
1.891 1.874; 1.896 1.881 1.893; 1.887 1.890; 1.877 1.890
Mn-Nimine 1.987 1.982; 1.987 1.986 1.985; 1.991 1.989; 2.072 2.026
1.986 1.989; 1.995 1.991 1.989; 1.995 1.998; 2.146 2.060
Mn-N.mine 2.040 2.055; 2.057 2.053 2.044; 2.051 2.056; 2.174 2.121
2.040 2.057; 2.060 2.056 2.051; 2.053 2.062; 2.268 2.130
spin state S=1 S$i=1;8=1 S=1 S$i=1;8=1 S$i=1;8=2 S=av

*Not measured.

transition. The bond lengths of (la)-(5a) are summarized in
Table T to show thermal bond length changes. Complexes (1a),
(3a), and solvatomorph 5a.3MeCN all have one Mn site at high
and low temperatures and the bond length changes broadly
support the observed magnetism, i.e., stabilization of mainly the
S=1 assignment for (1a) and (3a) and small variation of the spin

TABLE II. Mn-donor bond lengths in complexes (1b)—(5b).

state ratio within an average S=1 and S=2 state in the BPh,
complex 5a.3MeCN across the measured range. A room tempera-
ture structure of [MnL;]ClO,, (2a) could not be obtained but at
100 K this complex has two unique Mn(III) sites with bond lengths
in both indicative of spin triplet d* in line with the SQUID data. As
discussed above, there is a change in symmetry between the high

NO5 -MeCN - ClO, -MeCN- ClO, -0.5 MeCN- PE. OTf™ BPh, -
Mn-X 0.5 H,O (1b) 0.5 H,O (2b) 0.5 H,O (2b) (3b) (4b) 2 MeCN (5b)
293 260 >100" >100" >100" >100"
Temp (K) Mnl Mn2 Mnl Mn2 Mnl Mn2
Mn-Ogppen 1.942; 1.875 1.908; 1.875
1.957; 1.871 1.919; 1.884
Mn-Ninine 2.096; 2.117 2.014; 2.081
2.018; 2.105 2.019; 2.151
Mn-Ngmine 2.070; 2.234 2.064; 2.217
2.121; 2.210 2.073; 2.269
spin state S =av; S, =2 Si=av; §,=2
100 K
Mn-Oppen 1.898; 1.872 1.893; 1.870 1.873 1.882; 1.882 1.864 1.872
1.898; 1.878 1.899; 1.876 1.875 1.891; 1.883 1.887 1.877
Mn-Ninine 1.999; 2.080 1.987; 2.063 2.103 1.984; 1.990 2.049 2.083
2.000; 2.133 1.996; 2.153 2.127 1.993; 2.007 2.168 2.141
Mn-Namine 2.043; 2.177 2.037; 2.195 2.237 2.033; 2.041 2.170 2.205
2.047; 2.241 2.046; 2.269 2.272 2.046; 2.061 2.241 2.278
Spin state S$i=1;8=2 S$i=1;8=2 S$=2 S$i=18,= S=av §$=2

1

*Not measured.
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FIG. 4. Observed bond length changes within 5a -2MeCN by increasing the
temperature from 100 K [two Mn(lll) sites] to 200 K [one single Mn(lll) site].

and low data collections in the CF;SO3 (4a) and BPh,
5a-2MeCN SCO complexes. In the higher temperature data col-
lections, both have a single Mn site with bond lengths suggestive of
an averaged spin state site in each, in line with the magnetic data at
the same temperatures.

The data collections of (4a) and 5a-2MeCN at 100 K are cell
doubled with respect to the higher temperature data sets and the
two unique sites in triflate complex (4a) correspond well to S=1
SQUID assignment. In contrast, the two unique sites in the
5a-2MeCN complex are clearly in different spin states, the S=1
and S=2 sites clearly visible from the short and long bond dis-
tances in Mnl and Mn2, respectively. An unusual feature in the
100 K structure of 5a - 2MeCN is that the HS sites (Mn2) have sig-
nificantly longer bond lengths than those in the averaged triplet/
quintet form at 200 K, Fig. 4, a feature that has not been observed
in iron SCO complexes with similar cell doubling.

As expected for the divalent Mn complex, (6a) Mn-donor
bond lengths are longer in comparison to the Mn(III) compounds.
The 3-NO,-sal,-323 Mn(II) c01}1plex (6a) exhibits Mn—-Opp, bond
lengths between 2.12 and 2.14 A, Mn—Nj,ie bond lengths between
2.23 oand 224 A, and Mn-N, ;.. bond lengths between 2.28 and
230 A.

4. Thermal bond length changes in [MnL;]X, (1b)-(5b)

On the other hand, the predominantly HS complexes obtained
with the 5-NO,-sal,-323 Schiff base generally exhibit longer bond
lengths, Table II. The exception is the PFs complex, (3b), which

ARTICLE scitation.org/journalljap

has bond lengths typical for S=1 in both unique Mn sites at 100 K,
matching the data obtained by magnetometry.

This is in sharp contrast to the BPh, and CF;SOj; analogs
(4b) and (5b), which are close to or fully HS according to SQUID
data and which have bond lengths with a good match,*™*
Table II. The perchlorate solvatomorph 2b - 0.5MeCN - 0.5H,0 is
also fully HS according to the magnetism and this is borne out well
in the bond lengths at 100 K. The last two complexes in this series
are the isostructural nitrate and perchlorate solvatomorphs
1b-MeCN-0.5H,0 and 2b-MeCN-0.5H,0. Both show a
gradual and incomplete thermal SCO over the measured range,
Fig. 2, and the bond length changes observed here are different
from the pattern established in the previously published examples
of SCO in the wider set of [Mn(R-Sal,-323)]" complexes, which
usually exhibit Mn-O bond lengths between 1.85 and 1.90 A.”” The
structures of 1b-MeCN-0.5H,0 and 2b-MeCN-0.5H,0 both
contain two unique Mn sites at high and low temperature with one
site clearly S=1 and the other $§=2 at 100K, Table II. On
warming, there are only minor increases in the S=2 site whereas
those in the other sites change more markedly with significant
increases in Mn-O distances observed for the first time. In the case
of the nitrate complex, this is accompanied by an increase in bond
lengths along the N(4)amine-Mn(1)-N(2)4mine axis indicating possi-
ble axial compression along the other N(3),mine=Mn(1)-N(5)imine
axis (Table II and Fig. 5). This suggests that the distortion in the
HS form of the Mnl complex cation is a Jahn-Teller compression
with the d,._,»orbital projected in the N,O, plane, an arrangement
that has not previously been observed with this ligand type.

5. Distortion parameters within [MnL, ]X, (1a)-(5a) and
[MnL;]X, (1b)-(5b)

Mononuclear hexacoordinated Mn(III) compounds exhibit a
stronger distortion of the octahedral environment in the spin
quintet state than in the almost perfect octahedral shape observed
in the triplet spin state due to the Jahn-Teller effect. The degree of
distortion can be analyzed by the distortion parameters X and © as
defined by McKee et al."® X highlights the local angular deviation
from the cis octahedral angles of 90°, while ® measures the trigonal
torsion, which is defined as the degree of twist from a perfect octa-
hedron towards trigonal prismatic geometry. Both values are zero
in the case of a perfect octahedron. The values for £ and © for

FIG. 5. Metal coordination sphere of the two Mn(lll) sites of 1b -MeCN -0.5H,0 at 100K (left) and 293 K (right), highlighting the bond length changes (in A) upon

heating.
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TABLE III. Distortion angle parameters, X (angular deviation at the origin) and © (trigonal torsion angle) for all [MnL4]X complexes (1a)—(5a).

NOj (1a) ClO; (2a) PF; (3a) OTf™ (4a) BPh, -2 MeCN (5a) BPh, -3 MeCN (5a)

Temp. (K) 100 100 100 100 100 100
Mn Mnl Mn2 Mn Mnl Mn2 Mnl Mn2 Mn

z 31.3 31.6; 31.6 35.1 28.2;37.3 32.7;99.4 50.2
(C] 89.9 90.6; 97.0 102.1 83.9; 104.2 75.5; 259.8 161.8
Spin state S=1 S$1=18=1 S=1 S$1=1;8=1 Si=1;8=2 S=2
Temp. (K) 293 174 293 200 200
z 335 44.4 45.7 57.7 60.0
C] 97.8 131.2 164.4 191.3 201.5
Spin state $=1 S=av S=av S=av S=av

mononuclear Mn(III) compounds are in the range of X =28°-45°
for S=1 (X£=48°-70° for S=2) and ©=79°-125° for S=1
(©=135°-230° for S=2).">*” Both T and © have been calculated
for all compounds using OctaDist,”’” and the values are summar-
ized in Tables III and IV. These distortion parameters are in line
with the observed magnetic properties.

Compounds (1a)-(4a) with the 3-NO,-sal,-323 Schiff base,
[MnL,]", exhibit values that are indicative of an S =1 spin state at
100K with X values in the range between 28.2° and 37.3° at
100K, and the © values between 83.9° and 104.2°, where the
highest and lowest of both sets of values were found within
[MnL,]OTf (4a) (see Table III). Upon increasing the temperature,
all four compounds (la)-(4a) show higher distortion values,
which is in line with the increase in the magnetic moment with
increasing temperature. The coordination sphere of (1a) is shown
in Fig. 6 as an example of the spin triplet compounds (1a)-(4a),
to highlight the small distortion from the perfect octahedral envi-
ronment. In the case of the two solvatomorphs of compound
(5a), 5a-2MeCN and 5a-.3MeCN, both sets of ¥ and © values
indicate that there is less distortion at 100K than at 200 K. At
100 K, the X and © values of 5a-3MeCN are at the lower end of
the value range that are indicative of a HS Mn(III) center. The
difference in value between the two temperatures is large enough
to indicate a gradual transition, which matches the observed mag-
netic properties. Interestingly, while the distortion parameters of
5a-2MeCN clearly show one pure S=2 and one pure S=1 site,
where the values of the HS site are on the higher end of the

spectra, the 200K structure only contained one Mn(IIl) site,
which is HS but shows less distortion than HS site of 100 K.
While these X and © values help to estimate the spin state, they
are not very accurate to determine if a complex has reached the
full saturated high-spin state yet. Even though the X and © values
of 5a:2MeCN and 5a-3MeCN indicate that at 200 K both com-
pounds resemble an S=2 Mn(III) complex in its disordered way,
it does not entirely reflect the magnetic profile, which is not satu-
rated at this temperature. 5a-2MeCN has reached 62% of the
expected HS value (2.235 cm® K/mol at 200 K), while 5a-3MeCN
is already 80% in the HS state (2.568 cm®K/mol at 200 K), which
is dominantly HS, but not fully yet, but cannot be determined by
a numerical value of distortion parameters.

Compounds (1b)-(5b) using the 5-NO,-sal,-323 Schiff base,
[MnL,]", exhibit £ and © values that are mostly indicative of an
S =2 spin state, with the exception of compound (3b), that is solely
S§=1, see Table IV. The high-spin Mn(III) sites at 100 K show
Y values in the range between 65.8° and 95.2° at 100K, and ©
values between 270.0° and 328.9°. The two structures that are
measured at increased temperatures, 1b-1MeCN-0.5H,O and
2b - 1MeCN - 0.5H,0, show an increase of X values up to 80.65°
for (1b) and 113.07° for (2b), while the increase in © values is less
pronounced. Compounds (1b) and (2b), 1b - 1MeCN - 0.5H,0 and
2b - 1MeCN - 0.5H,0, each contain one spin triplet and one spin
quintet cation which is reflected in the distortion parameters. Upon
increasing the temperature, there is an increase in distortion clearly
visible within the former S =1 site, see Table V.

TABLE IV. Distortion angle parameters, X (angular deviation at the origin) and @ (trigonal torsion angle) for all [MnL,]X complexes (1b)—(5b).

NO; -MeCN - 0.5 H,O ClO, -MeCN - 0.5 H,O ClO, -0.5 MeCN - 0.5 H,0O PF, OTf™ BPh,

(1b) (2b) (2b) (3b) (4b) (5b)

Temp. (K) 100 100 100 100 100 100

z 30.9; 78.4 29.6; 95.2 87.3 31.3; 35.9 65.8 77.7

(€] 103.6; 270.0 87.2; 304.8 329.0 90.3; 110.1 251.3 280.4

Spin state $1=1;8,=2 S$1=18,=2 S=2 Si=18,=1 S§=2 S=2

Temp. (K) 293 260

z 44.5; 80.7 35.96; 113.1
(€] 159.5; 284.6 87.80; 312.5
Spin state Si=av; §,=2 $i1=18,=2
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FIG. 6. Coordination polyhedron around the central Mn(lll) center of [MnL4]NO3,
(1a) (left) and the solvatomorph of [MnL,]CIO,, (2b), 2b -0.5MeCN -0.5H,0
(right) (both measured at 100 K) showing the small distortion of the almost
perfect octahedral environment within the S=1 form of (1a) and the high distor-
tion of the high-spin 2b -0.5MeCN -0.5H,0.

Olguin has recently summarized the X values of complexes of
the [Mn(R-Sal,-323]" type, which highlight that compounds where
the Mn(III) ion exhibits X values above 70° are often, but not
always, locked in the high-spin state.”> On the other hand, the ©
values might be a better indicator to detect molecules that cannot
undergo a spin transition and are locked in the S=2 state. We
recently have discussed the possibility that compounds with ©
values greater than 250° are considered to be restrained to the S=2
spin state and are not able to undergo spin transition.”® This
hypothesis is supported by the © values of the compounds using
5-NO,-sal,-323, [MnL,]" (see Table IV) especially the [MnL,]ClO,
solvatomorph 2b-0.5MeCN - 0.5H,O, [MnL,]OTf (4b) and
[MnL,]BPh, (5b), which are constrained to the high spin state over
the whole measured temperature range, and exhibit © values
between 251.3° and 328.9°. The higher distortion values within
2b - 0.5MeCN - 0.5H,0 in comparison to the almost perfect octa-
hedral environment of (la) are depicted in Fig. 6. Similarly, the
high-spin Mn(III) sites within compounds 1b-1MeCN - 0.5H,0
and 2b-1MeCN - 0.5H,0 exhibit quite large © values (270.0°-
312.5°), which keeps this Mn2 site locked in the HS state, while
only the Mnl site can undergo spin transition.

6. Twist of the NO, groups within [MnL, ]X, (1a)-(5a)
and [MnL;]X, (1b)-(5b)

The novel feature of the results presented here is the emer-
gence of a trend relating electronic character of the ligand and
choice of spin state in the coordinated d* ion, the first clear indica-
tion of a strong electronic effect in guiding manganese spin state
choice. Both ligands L; and L, contain a nitro group capable of
conjugation with the aromatic ring. The introduction of nitro
group substituents influences the electronic structure of the
benzene rings due to the strongly electron-attracting (EA) charac-
ter. The EA ability is a result of both strong inductive and reso-
nance activities (see also Sec. I D).

We have therefore considered the degree of conjugation in the
two complex series as measured by the degree of torsional
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FIG. 7. Twist of the NO, groups out-of-plane of the benzene ring of the Schiff
base ligand of the cationic Mn(lll) species of (3a), [MnL,]PFs, (at 174 K) (left)
and the in-plane arrangement in HS (4b), [MnL,]OTf at 100 K (right).

distortion of the nitro groups relative to the phenol rings and com-
pared this to the choice of spin state. This analysis reveals that
while the nitro group of the Schiff base ligand is flipped
out-of-plane for most of the complexes with the ortho substitution
of the NO,-group, those with the para-substituted ligands have the
nitro group mostly in-plane with the benzene ring of the respective
Schiff base, see Fig. 7. The twist is measured as the angle between
the plane of the benzene ring and the plane of the NO, group
leading to a maximum twist of 90° when the nitro group is perpen-
dicular to the benzene ring. The twist angles for both sets of com-
pounds are summarized in Tables V and VL.

The angles between the plane of the NO, group in the 3-
position and the benzene ring of the Schiff base ligand within com-
plexes (la) to (5a) are in the range between 20° and 73° (see
Table V), highlighting the out-of-plane character of the nitro sub-
stituents within this family of compounds. This may be accompa-
nied by formation of intramolecular H-bonds. Each nitro
substituent shows a distinct set of close contacts between the
oxygen atoms of the nitro group and nearby hydrogen atoms.
Depending on the angle of twist of the nitro group, the intramo-
lecular interactions range between one and two close contacts per
nitro group. In order to establish intramolecular H-bonds, within
the range of 22-2.5A, the nitro group can be rotated
out-of-plane of the benzene ring, which can lead to the establish-
ment of a close contact with a hydrogen on the neighboring
carbon of the benzene ring, as observed within (1a) and (4a) (see
Fig. S1 in the supplementary material). The flexibility of the nitro
substituent is observed within the disorder of the oxygen atoms
of the nitro group in (4a) and (5a), highlighting the high degree
of freedom of the substituent’s position. The twist angle of the
nitro group may enable several close contacts allowing the crea-
tion of up to two H-bonds to both oxygen atoms of the nitro sub-
stituent. Figure S1 in the supplementary material shows the
potential intramolecular H-bonds, which are observed within
[MnL;]NO; at both measured temperatures, 100 K and 293K,
respectively. Both structures display intramolecular close contacts
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TABLE V. Angle between the plane of the NO, group in the 3-position and the benzene ring of the Schiff base ligand for all [MnL4]X complexes (1a)-(5a).

NOj (1a) Clo; (2a) PF; (3a) OTf™ (4a) BPh;, -2 MeCN (5a) BPh; -3 MeCN (5a)
Temp. (K) 100 100 100 100 100 100
Mn Mnl Mn2 Mn Mnl Mn2 Mnl Mn2 Mn
Sall-NO, 22.60° 38.27°% 56.30° 41.89° 56.50% 50.21° 57.14% 82.61° 46.06°
Sal2-NO, 33.66° 40.19% 67.59° 60.08° 16.05°% 52.5% 41.62°% 63.93° 60.79°
Temp. (K) 293 174 293 200 200
Sal1-NO, 20.07° 63.24° 27.62° 53.93° 48.41°
Sal2-NO, 37.18°° 73.66° 1.76° 65.55° 62.72°

%(4a) exhibits a disorder of the NO, group of the salicylaldehyde of O12 within the Mn2 site (100 K). The two positions are crystallographically weighted

0.33:0.66 leading to angles of 59.93°:49.56°, weighted average is used.

"(1a) exhibits a disorder of the NO, group of the salicylaldehyde of O4 (293K). The two positions are crystallographically weighted 0.79:0.21 leading to

angles of 37.40°:36.35° therefore, the weighted average is used.

“(5a) exhibits a disorder of both oxygen atoms of the NO, group, O5 and 06 (200 K). The two positions are crystallographically weighted 0.44:0.55 leading

to angles of 64.57°:67.52°; therefore, the weighted average is used.

to one direct neighboring CH of the benzene ring, as well as to
one of the CH, groups of the propylene backbone of the Schiff
base ligand.

[MnL,]ClO,, (2a), shows that within site 1, around Mnl,
only one of the two nitro groups, that with a twist angle of 40.2°,
forms a short contact with a propylene hydrogen, see Fig. S2
in the supplementary material. In contrast both nitro groups
in the Mn2 complex cation form short contacts, Fig. S2 in the
supplementary material, and these also have higher twist angles
of 56.3° and 67.6°.

Interestingly, no such possible intramolecular H-bonds
in the range of 2.2-2.5 A can be observed within complex (3a),
[MnL,]PFs, where the nitro groups also exhibit large twist angles
at both temperatures (see Table V). This shows that the possibil-
ity of establishing intramolecular H-bonds is not only dependent
on the twisting angle of the nitro substituent, but also dependent
on the angle of the benzene ring in relation to the tetraamine
backbone. While the tetraamine backbone arranges in a similar
fashion within this family of compounds, the benzene rings of
the Schiff base ligands can tilt in order to accommodate the

crystal packing, which in the case of (3a) blocks formation of
short contacts with the nitro substituents and adjacent hydro-
gens (see Fig. S3 in the supplementary material). At increased
temperature (174 K), the out-of-plane twist angles of the nitro
substituents within (3a) increase to 63.2° and 73.7°. While the
major part of the [MnL,]" cation remains unchanged, only the
twist angle increases (see Fig. S4 in the supplementary material),
highlighting the flexibility of the nitro group to rotate, once
there are no H-bonds involved.

The smallest twist angle in the three-nitro series can be found
within the room temperature structure of [MnL,]OTf (4a), where
one of the two nitro groups, around N6, is almost perfectly aligned
in-plane with the benzene ring of the Schiff base (a twist angle of
1.76°) showing similar intramolecular H-bonds as observed within
[MnL,]NO;, (1a) (see Fig. S5 in the supplementary material). The
second nitro group around N1 exhibits a higher distortion of 27.6°,
which is possibly due to the two competing interactions to two of
the hydrogen atoms of C13 and C15 within the propylene group
of the Schiff base backbone (see Fig. S5 in the supplementary
material). By decreasing the temperature to 100 K, [MnL;]OTf (4a)

TABLE VI. Angle between the plane of the NO, group in the 5-position and the benzene ring of the Schiff base ligand for all [MnL,]X complexes (1b)-(5b).

NO; -MeCN - 0.5 H,O ClO, -MeCN - 0.5 H,O ClO, -0.5 MeCN - 0.5 H,O PF, OTf™ BPh,
(1b) (2b) (2b) (3b) (4b) (5b)
Temp. (K) 100 100 100 100 100 100
Mnl Mn2 Mnl Mn2 Mn Mnl Mn2 Mn Mn
Sal1-NO, 3.04% 4.11° 2.22° 3.38° 8.01° 19.39% 19.69° 4.26° 18.56°
Sal2-NO, 5.59% 3.10° 5.98°% 7.68° 2.16° 4.36°% 7.43° 5.01° 17.81°
Temp. (K) 293 260
Mnl Mn2 Mnl Mn2
Sal1-NO, 1.62°; 3.74° 1.93°% 3.47°
Sal2-NO, 5.21°% 6.26° 5.34% 12.17°
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where there are two unique cationic Mn(III) cations in the crystal
lattice, both sites exhibit higher twist angles of the nitro substitu-
ents, see Table V. These two sites show a similar trend as has been
observed for [MnL,]ClO, (2a). One Mn(IIl) site, around Mn2,
only exhibits one intramolecular H-bond to a carbon of the tetra-
amine backbone, while the second site, around Mnl, shows intra-
molecular H-bonds to both nitro groups, as well as both phenol
oxygen atoms (see Fig. S6 in the supplementary material).

The two solvatomorphs of [MnL,]BPh, (5a) also show short
contacts which could be indicative of intramolecular H-bond for-
mation. At 100 K, the 5a:2MeCN structure contains two sites, in
which each site displays short contacts only for one nitro substitu-
ent of the Schiff base ligand, as well as additional intramolecular
H-bonds between one phenol oxygen per cationic site to the tetra-
amine backbone (see Fig. S7 in the supplementary material). In the
higher temperature structure, 5a-2MeCN only has one unique
cation in the unit cell, and the intramolecular H-bonds are reduced
to one oxygen of one nitro group. This nitro group, around N6,
exhibits a disorder of both oxygen atoms over two positions, where
only the 0.44% occupancy component of the disorder can establish
short contacts to the tetraamine backbone of the Schiff base ligand
(see Fig. S8 in the supplementary material). On the other hand, the
second solvatomorph of [MnL;]BPh, (5a) containing three mole-
cules of acetonitrile, 5a-3MeCN exhibits only one single intramo-
lecular interaction at both measured temperatures between one
oxygen of the nitro substituent (twist angles of 60.8° at 100 K and
62.7° at 200K) and the tetraamine backbone of the Schiff base
ligand (see Fig. S9 in the supplementary material).

The angles between the plane of the NO, group in the
5-position and the benzene ring of the Schiff base ligand within
complexes (1b) to (5b) are in most cases smaller than 10°, high-
lighting the in-plane character of the nitro substituents within
this family of compounds. Moving the nitro substituent to the
5-position of the salicylaldehyde prevents the formation of intra-
molecular interactions with the tetraamine backbone of the Schiff
base, while only short contacts to the direct neighboring carbons of
the benzene ring can be formed, usually with both oxygen atoms of
the nitro substituent (see Fig. S10 in the supplementary material).

[MnL,]BPh, (5b) shows exceptionally large twist angles for
this family of compounds with values of 17.8° and 18.6° for the
two nitro groups (see Table VI). Interestingly, the biggest out-of
plane deviation within this family of compounds was observed
within [MnL,]PF¢ (3b), where both Mn(III) sites exhibit one nitro
group almost perfectly aligned in-plane (4.36° and 7.43°) while the
second one is tilted out-of-plane with angles of 19.39° and 19.69°,
which may be a contributory factor to the exceptional spin state
choice of S =1 within the five-nitro complex series where the other
members were all high spin.

D. Computational section

Computationally, we are addressing here the intrinsic mag-
netic molecular properties of the 3- and 5-nitrosalicylaldehyde and
1,2-bis(3-aminopropylamino)ethane condensates. In the absence of
packing effects in the crystalline states and the influence of coun-
terions, the effect of the position of the nitro groups at 3- and
5-positions on the triplet-quintet splitting can be investigated.

ARTICLE scitation.org/journalljap

Aromatic nitro groups are strongly electron-withdrawing ligands
with both strong inductive (-I) and resonance (-M) activities due to
their high electronegativity. The nitro group acts as m-acceptor by
removing electron density from the adjacent aromatic m-electron
system. We thus investigate the influence of the nitro-group posi-
tional and orientational dependence on the spin state splitting.
Here, triplet and quintet states are termed intermediate spin (IS)
and high spin (HS) in the computational analysis.

1. Influence of substituent positioning

The calculated IS/HS changes in Gibbs free energies are sum-
marized in Table VII. AGyerm are the thermodynamic corrections
to the electronic energy differences AE to then give the change in
Gibbs free energy upon SCO (AGscogs.is)): AGherm 1S hegative
due to the increase in vibrational entropy and zero-point vibra-
tional energy upon elongation of the amine and imine Mn bonds
when antibonding orbitals are occupied. The IS/HS change in elec-
tronic energy is also negative from the change in d-orbital splitting
10 Dq upon SCO from the S=1 3T1g to the S=2 °E, state. The
SCO in the 3-NO, substituted complex is compared both with the
5-NO, substituted and with a complex without any aromatic sub-
stituents. According to the calculations, all structures are candidates
for a Mn(III) IS to HS SCO.

The B3LYP* and PBEO functionals give a very consistent
picture. The differences in thermal corrections to AGgcous.1s) are
below 1kJmol™"' for those functionals. B3LYP* gives a slightly
larger HS/IS energetic splitting by ~12kJmol™' compared to
PBEO. This shows that both functionals are able to correctly
describe the S=1 to S=2 spin state change. Spin contamination
was not an issue since the (S?) expectation values were close to the
theoretical (2.022 for IS and 6.046 for HS states). The position of
the nitro group only has a small effect on the IS/HS state splitting
(see Fig. 8). The 3-substituted complex shows the smallest change
in Gibbs free energy upon spin transition. For the 5-substituted
complex, the spin splitting is larger by a mere 4-5kJ mol~". This
originates from the electron-withdrawing effect of the NO, group,
which is more pronounced for the para-position.

The overall effect of aromatic nitro substitution becomes most
apparent, when comparing with a hypothetical SCO complex
without a nitro group which displays the thermodynamically most
favorable IS/HS splitting. Introduction of an electron-withdrawing
group at either the 3- or 5-position reduces the spin state splitting
by 15 and 10 kJ mol™", respectively. It can be stated that the intro-
duction of an electron-withdrawing group at either the 3- or
5-position only has a minor effect on the spin-state splitting.
Whereas most complexes of the ortho-series are in the triplet S=1
state, those of the para-set are high spin (§=2). The molecular
electronic structure can partially rationalize this energetic trend
since the IS to HS stabilization becomes less favorable upon
ortho-substitution.

The calculations reproduce well the structural changes upon
spin transition. Here, an effect of the nitro group position is more
apparent. For the 3-NO, complex, the Mn-N,,. distances
increase from 2.08 A to 2.26 and 2.35 A compared to 2.30 A when
in 5-position. For the Mn-Njy,. distances, the effect is less pro-
nounced and the distance increases from 1.97 A to 2.14 and 2.08 A
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TABLE VII. Calculated changes in Gibbs free energies upon triplet (IS) to quintet (HS) spin state transition in kJ mol™".

I

NO,

O,N
H
N A 7
HN, :/> N o /\o p
[ s HN,/\I:/\N/ W, :/\\N
e ! Y [ T [ Mn
‘/c-)\/\ HN/ N HN/ ; Ny
ENYA VNN
O,N
H
NO, H
3-N02 5-N02 w/o N02
B3LYP*
AE —-17.82 —-21.63 -30.70
AGherm —7.58 —8.28 —8.05
AGscoms-1s) —25.40 —29.91 —38.75
PBEO
AE -5.95 —10.65 -16.78
AGiherm —8.27 —8.89 —9.01
AGSCO(HS-IS) —14.21 —19.54 —25.79

(for NO, in 3-position) and from 1.98 to 2.12A when in
5-position. In contrast, the Mn-Oppe, distances are insensitive to
the spin state. This shows that the crystallographic Mn-O distances
are not a reliable measure to assign an IS or HS state to the
complex in the crystal.

2. Influence of the orientation of the substituent

NO, is an electron-withdrawing substituent with a preferred
orientation in the plane of the aromatic ring. The orientation of the

nitro groups, however, in some of the crystal structures deviates
from the strict in-plane orientation. In crystal structures, nitro
groups are usually characterized as poor hydrogen bond acceptors
and only in a few instances form conventional hydrogen bonds. In
particular, this holds for the para-substituted complex set (1b-5b),
which does not reveal significant packing interactions.

For the ortho-substitution series (1a-5a), however, the nitro
groups are neither involved in crystal packing interactions but non-
conventional hydrogen bond interactions between equatorial ligand
sal C-H and O-NO groups are present (see Fig. 9).

FIG. 8. Isocontour plots (at 0.005 efa.u.) of the unpaired electron spin density for the S=1 and S =2 spin states of the Mn(lll) complexes with the nitro-substituent in the

3-position (left) and the 5-position (right).
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1S +17 kJ mol*

AG*
—_—

HS +14 kJ mol*

3-NO, 3-NO, out-of-plane

1S +65 kJ mol?

t AG*
_

HS +63 kJ mol?

5-NO, 5-NO, out-of-plane

FIG. 9. Calculated transition state barriers of the nitro group rotation in
Mn(lll) complexes 3- and 5-NO2 in their intermediate and high-spin states
(PBEO/def2-TZVP in kJ mol™").

Figure 9 shows the changes in Gibbs free energies upon rotat-
ing the 3- and 5-NO, group from a minimum energy to an
out-of-plane orientation. The orientation perpendicular to the aro-
matic ring is a rotational transition state and characterized by two
imaginary frequencies, which correspond to the nitro group
out-of-plan rotation. The rotational barrier of the nitro groups is
almost independent of the nature of the Mn(III) spin state and cor-
responds to 65 and 63 k] mol™! in 5-NO, complexes. The intramo-
lecular stabilization by non-standard C-H --O-NO hydrogen bonds
in ortho-substituted complexes significantly reduces the rotational
barrier from a coplanar to a perpendicular orientation by about
50kJmol™". Tt should be stressed that the magnitude of
electron-withdrawing character of the nitro group is also depending
on its conformation. Upon rotation of the nitro group relative to
the plane of the benzene ring from 0° to 90°, its electronegativity
increases (group electronegativity of the nitro group on the Pauling
scale is equal to 4.00 for in-plane and 4.19 for perpendicular orien-
tation),”® and this is an additional contribution to the IS to HS
transition state splitting. These two factors together explain the dif-
ferent orientations of 3- and 5-nitro groups in the series of Mn
(IIT)-sal crystal structures.

11l. CONCLUSIONS

Magnetostructural analysis of two series of Mn(III) complexes
from the [Mn(R-sal,323)]" set of Schiff base complexes, known to
facilitate thermal SCO with this ion, has revealed a correlation
between spin state preference and position of the electron-withdrawing
nitro substituents on the phenolate donors. With the ortho-
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substituted Schiff base ligand, 3-NO,-sal,-323, the tendency is
toward stabilization of the S=1 spin state in complexes (1a)-(5a), in
contrast to stabilization of the S=2 state with the para-substituted
Schiff base analog 5-NO,-sal,-323 in (1b)-(5b). The difference
in spin state preferences could be correlated with the difference in
twist angles of the nitro groups, which in turn was related to the
ease of forming short contacts with adjacent hydrogen atoms. The
nitro groups in the complexes with the ortho-substituted ligands
(1a)-(5a) were found to be flipped out-of-plane of the phenolate
ring in contrast to the corresponding twist angles of the nitro
groups in the para position which were largely in-plane with the
phenolate rings in complexes (1b)-(5b). The out-of-plane defor-
mation can be explained by non-classical CH---ON hydrogen
bond interactions and an orientation-dependent electronegativity
of the nitro group. Potential thermal structural phase transitions
were detected in three of the complexes with the ortho-substituted
ligands which will be investigated more fully by single crystal dif-
fraction at multiple temperatures. In addition, one complex with
the para-substituted ligand broke the trend for the orientation of
the Jahn-Teller distortion typical for HS complexes with this
ligand type in that an elongation in the N4O, plane, rather than
the expected Ny plane, was observed in complex (1b). The Mn(III)
octahedral complexes (1)-(5) display a large variety of magnetic
behavior. Although chemically identical, their solid-state proper-
ties can be tuned by variation of counterions and/or co-crystallized
solvent. Computational methods are now able to accurately calcu-
late the energetics of splitting of different spin states. Thus, it may
be possible to also suggest novel complexes with SCO based on a
computational fine-tuning of ligand fields. Their performance in
the crystalline state, however, cannot be predicted since it is the
cooperativity of a multitude of parameters that need to come
together to enable the SCO.

IV. MATERIALS AND METHODS
A. Materials and physical measurements

All chemicals and solvents if not otherwise mentioned were
purchased from chemical companies and were reagent grade. They
were used without further purification or drying. All reactions were
carried out under ambient conditions. All measurements were
carried out on powdered samples of the respective polycrystalline
compound which in some cases were fitted with partial solvation
according to CHN data on the bulk sample. Elemental analysis
(C, H, and N) were performed using a Perkin Elmer Vario EL. A
Bruker Alpha PlatinumATIR spectrometer, was used to record the
infrared spectra, and mass spectra were recorded on a Waters 2695
Separations Module Electrospray Spectrometer.

B. Synthesis and characterization of compounds

[Mn(L1)I[NO; (1a): [Mn(L,)]NO;: 2.0mmol 2-hydroxy-
3-nitrobenzaldehyde (0.334 g) was dissolved in 10.0 ml ethanol/ace-
tonitrile (50:50 v:v) and stirred for 10 min at room temperature.
1.0 mmol 1,2-bis(3-aminopropylamino)ethane (0.165ml) was
added and the color started to change immediately. 1.0 mmol
Mn(NO;), - 6H,O (0.361 g) was dissolved in ethanol (10 ml), fil-
tered, and added to the stirring ligand solution. Upon
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complexation, a color change from yellow to dark red/brown was
observed. The reaction mixture was stirred for further 3 h. The
dark red solution was then filtered and left standing for slow evapo-
ration, which yielded dark red/black crystals of complex 1a which
were suitable for single crystal x-ray analysis.

Elemental analysis for [C,H,sN;O9Mn]: calculated: C: 44.98,
H: 4.46, N: 16.69; found: 44.81, H: 4.58, N: 16.72.

[Mn(L1)]CIO4 (2a): Complex 2a was synthesized following
the procedure for complex la where Mn(NOs;),-6H,0 was
replaced with 1.0 mmol Mn(ClO,), - 6H,O.

Elemental analysis for [CyHsNgO19CIMn]: calculated: C:
42.29, H: 4.19, N: 13.45; found: 42.20, H: 4.12, N: 13.33.

[Mn(L1)]PF¢ (3a): Complex 3a was synthesized following the
procedure for complex la where Mn(NOs3), - 6H,0 was replaced
with 1.0 mmol MnCl,-4H,0 (0.197¢g) and 1.0 mmol NH,PF
(0.163 g).

Elemental analysis for [C,,H,6FsNsOsPMn] - 0.15H,0: calcu-
lated: C: 39.77, H: 3.97, N: 12.31; found: C: 39.86, H: 4.32, N: 12.65.

[Mn(L1)]JOTf (4a): Complex 4a was synthesized following the
procedure for complex 1a where Mn(NO3), - 6H,O was replaced with
1.0 mmol MnCl, - 4H,0 (0.197 g) and 1.0 mmol AgCF;SO; (0.257 g).

Elemental analysis for [Cy3H,sNgOoFsSMn]: calculated: C:
40.36, H: 3.89, N: 12.46; found: C: 39.90, H: 3.50, N: 12.86.

[Mn(L1)]BPh,.2MeCN and [Mn(L1)]BPh,.3MeCN (5a):
Complex 5a was synthesized following the procedure for complex 1a
where Mn(NO3), - 6H,0O was replaced with 1.0 mmol MnCl, - 4H,0
(0.197 g) and 1.0 mmol NaBPh, (0.343 g).

Elemental analysis for dried sample of 5b-2MeCN:
[C50H5,BNgOgMn] (solv free): calculated: C: 65.41, H: 5.49, N:
9.95; found: C: 65.36, H: 5.85, N: 10.24. (Fit with partial solvation:
[CSOHSZBNgosMn] -0.45MeCN - 0.15H202 calculated: C: 65.06, H:
5.55, N: 10.43; found: C: 65.36, H: 5.85, N: 10.24).

Elemental analysis for dried sample of 5b - 3MeCN: [Mn(L1)]
BPh, - 2.1MeCN - 0.85H,0: calculated: 63.72, H: 5.75, N: 11.99;
found: C: 63.50, H: 5.52, N: 12.16.

[Mn(L2)]NO;3-1MeCN - 0.5H,O (1b): A solution of 5-
nitrosalicylaldehyde (0.334 g, 2 mmol) dissolved in ethanol/acetonitrile
(50:50 v:v 10 ml) was added to a well stirred solution of N,
N'-bis-(3-aminopropyl)ethylenediamine (0.174 g, 1 mmol) in ethanol/
acetonitrile (50:50 v:v 10 ml), by gravity filtration. When Schiff base
formation, indicated by the intense yellow color, was achieved, a solu-
tion of manganese(II) nitrate hexahydrate (0.287 g, 1 mmol) ethanol/
acetonitrile (50:50 v:v 10 ml), was added dropwise resulting in a dark
brown solution which was stirred for 3 h before gravity filtration and
standing in air which yielded crystals of x-ray quality.

Elemental analysis for [C43H60N15019MH2] - MeCN - OSHzo
calculated: C: 45.22, H: 4.74, N: 17.58; found: C: 45.05, H: 4.55, N:
17.30.

[Mn(L2)]ClO4 - 0.5MeCN - 0.5H,0 (2b): Complex 2b was
synthesized following the procedure for complex 1b where
Mn(NO3), - 6H,0 was replaced with 1.0 mmol Mn(ClO,), - 6H,O0.

Elemental analysis for [Cy,H,6NgO10CIMn] - 0.4MeCN - 1.2H,0:
calculated: C: 41.31, H: 4.50, N:13.52; found: C: 41.18, H: 4.37, N:13.63.

[Mn(L2)]PF (3b): Complex 3b was synthesized following the
procedure for complex 1b where Mn(NOs), - 6H,O was replaced
with 1.0 mmol MnCl,-4H,0 (0.197g) and 1.0 mmol NH,PFg
(0.163 g).
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Elemental analysis for [C,H,sNgOgFsPMn] - 0.15H,0 - 0.1EtOH:
calculated: C: 39.77, H: 3.97, N: 12.31; found: C: 39.86, H: 3.97, N:
12.31.

[Mn(L2)]OTf (4b): Complex 4b was synthesized following the
procedure for complex 1b where Mn(NOs3), - 6H,O was replaced
with 1.0 mmol MnCl, - 4H,0 (0.197g) and 1.0 mmol AgCF;SO;
(0.257 g).

Elemental analysis for [C,3H,sNgOgF3SMn]: calculated: C:
40.96, H: 3.89, N: 12.46; found: C: 41.14, H: 3.99, N: 12.82.

[Mn(L2)]BPh, (5b): Complex 5b was synthesized following the
procedure for complex 1b where Mn(NOs), - 6H,0O was replaced with
1.0 mmol MnCl, - 4H,0 (0.197 g) and 1.0 mmol NaBPh, (0.343 g).

Elemental analysis for [CysH46BNsOsMn]-2.3H,0: calcu-
lated: C: 62.35, H: 5.76, N: 9.48; found: C: 62.25, H: 5.64, N: 9.49.

C. Single-crystal x-ray structure determination

Suitable single crystals of complexes (1)-(5) were mounted on
an Oxford Diffraction Supernova A diffractometer fitted with an
Atlas detector; datasets were measured using monochromatic
Cu-Ko radiation or Mo-Ko radiation and corrected for absorp-
tion.” The temperatures were controlled with an Oxford
Instruments’ Cryojet. Structures were solved by direct methods
(SHELXS) and refined with full-matrix least-squared procedures
based on F?, using SHELXL-1997 or -2016.”” Non-hydrogen atoms
were refined with independent anisotropic displacement parameters,
organic H-atoms (i.e., bonded to C) were placed in idealized posi-
tions, while the coordinates of H-atoms bonded to O were generally
refined with their O-H distance restrained to 0.84 A; details are
described in the cif for each structure. In general, if disorder had to
be modeled, the sum of the site occupation factors was con- or
restrained to be 1. In the 100 K structure of [MnL,]PF¢ (3a), the
oxygen atom O5 of the NO, substituent of the Schiff base ligand dis-
plays a disorder over two positions with site occupation factors 0.492
(8) and 0.508(2). The 100K structure of [MnL,]OTf (4a) shows a
similar disorder of one nitro group of the Schiff base ligand but this
time both oxygen atoms, O10 and O11, are displaced over two posi-
tions with site occupation factors of 0.619(5) for O10A and O11A
and 0.381(5) for O10B and O11B. The disorder within one of the
triflate anions was modeled over two sites with site occupation
factors 0.555(3) and 0.445(3). The 200K structure of 5a-2MeCN
exhibits a disorder of one nitro group of the Schiff base ligand over
both oxygen atoms, O4 and O5, which are displaced over two posi-
tions with site occupation factors of 0.45(2) for O4A and O5A and
0.55(2) for O4B and O5B. The perchlorate anions within the crystal
lattice of 2b-0.5MeCN - 0.5H,0 exhibit a high degree of disorder
and were modeled with site occupation factors fixed to 0.5 and 0.25,
respectively. One of the two hexafluorophosphate anions within (3b)
at 100 K exhibits a disorder of four of its equatorially surrounding
fluorine atoms over three possible sites with site occupation factors
of 0.431(8), 0.357(8), and 0.212(5). Selected crystallographic data
and structure refinements are summarized in Tables S1-S5 in the
supplementary material.

D. Magnetic measurements

The magnetic susceptibility measurements were recorded on a
Quantum Design SQUID magnetometer MPMS-XL operating
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between 5 and 300 K. DC measurements were performed on poly-
crystalline samples. Each sample was wrapped in a gelatine capsule
and subjected to fields of 0.5T. Diamagnetic corrections were
applied to correct for contribution from the sample holder, and the
inherent diamagnetism of the sample was estimated with the use of
Pascal’s constants.

E. Computational details

All calculations were performed with Turbomole 7.5.°"°* The
calculations largely follow the protocol outlined in Refs. 53 and 27.
The triplet and quintet states were structurally minimized at the
BP86 level using a def2-SVP basis set.”* The COSMO implicit sol-
vation model (e = 80)”” was employed in order to account for envi-
ronmental effects on the charged molecular structures.”® This
choice of functional and basis reproduce structures of transition
metal complexes very well. Analytical frequencies were calculated at
the BP86/def2-SVP level in order to obtain zero point vibrational
energies (ZPVEs) and thermodynamic corrections AGperm. Since
the focus here is on energy differences between intermediate and
high-spin states, the differences are only weakly affected by scaling,
basis set, or functional. Subsequent single point energies used the
larger def2-TZVPP basis set were calculated with the hybrid func-
tionals B3LYP”™ with 20% Hartree-Fock exchange and the
B3LYP* with 15% Hartree-Fock exchange.””"' The reduction in
exchange was shown to be essential for the description of spin-
crossover complexes.””™** Dispersion effects were considered using
the D3 correction with Becke-Johnson damping,’>*® which are
critical for the description of energies. For reasons of consistency,
PBEO-D3(BJ) (with 25% HF exchange) geometry optimizations and
frequency calculations with a def2-TZVP basis set were augmented
by PBE0-D3(BJ)/def2-TZVPP single point calculations.””

SUPPLEMENTARY MATERIAL

See the supplementary material for the crystallographic data
tables for all compounds and views of the intramolecular interac-
tions for selected example references within the main text.
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